In this paper, we demonstrated an all-fiber bidirectional ultrafast thulium-doped fiber laser at 2 μm with a single-wall carbon nanotube presented as saturable absorber. We successfully obtained bidirectional mode-locking operations with pulse repetition frequency adjustable from 35 to 122 MHz by shortening the cavity length. Meanwhile, with the reduction of the intracavity dispersion, the number of Kelly sidebands was significantly decreased and the output energy was more concentrated on the soliton pulse. Besides, by manipulating the pump power and polarization controller, the two results of bidirectional mode-locked pulses with the same repetition frequency and differential repetition frequency were observed. We found that the repetition rate difference between the clockwise and counterclockwise pulse trains was adjustable by changing the pump power or controlling the intracavity polarization. When the pulse repetition frequency was 35 MHz and 122 MHz, the adjustment range of repetition rate difference was 764-922 Hz and 540-2000 Hz, respectively. It is believed that this novel laser source can support free-running dual optical comb spectroscopy to detect important air gases like H 2 O or CO 2 in the future.
Introduction
Currently, the applications of femtosecond lasers have greatly expanded from time-resolved spectroscopy [1] to materials processing and manufacturing, microscopy [2] , biomedical imaging, ranging and dimensional metrology, timing and synchronization, optical communication, and remote sensing. When comparing with other ultrafast lasers, the passively mode-locked ultrafast fiber lasers are simpler to implement, more lightweight, more compact, lower cost, longer-term stable, more robust, and more effective in thermal management. Insights into the frequency-domain picture of optical pulse trains have culminated in the concept of optical frequency combs, which can output evenly spaced longitudinal modes with an extremely high accuracy. Since the optical frequency comb was first proposed more than a decade ago, it profoundly impacted on various ultra-precise scientific fields, such as metrology and spectroscopy.
Recently, the development of dual-comb mode-locked laser allows rapid acquisition of molecular spectra with high resolution, which also furnishes a powerful method in gas detection. Dual-comb spectroscopy (DCS) usually relies on the generation of two frequency combs, which have slightly different repetition rates between each other. The optical characteristics are thus down-converted in a photodetector into a radio frequency (RF) signal at high sampling speeds without requiring any moving optical parts, since the single fast photodetector is not able to correspond to optical frequency directly. However, DCS is limited by its complex and large system for considering that the pulses are emitted by two independent lasers at the beginning of its generation, which are phase locked to each other tightly. With the rapid development of different laser multiplexing techniques, the free-running dual-comb lasers [3] - [8] have been proved to be effective tools for DCS, which make possible for the direct generation of two high-stability mode-locked laser outputs with different repetition frequencies from a single cavity [3] , [9] , [10] . Additionally, single cavity dual combs have demonstrated great potentials in gas detection [3] , [5] , [9] , [11] , [12] . As the two combs are generated from a single cavity, intrinsic phase coherence and no requirement for complicated servo locking systems enable compact and low-complexity DCS.
In fact, the 2 μm wavelength region covers various gas absorption lines, a few important gas test results are already reported, such as CO 2 , H 2 O and CH 4 [3] , [13] . In 2018, Kieu et al [3] have demonstrated a bidirectional mode-locked thulium-doped fiber laser as a single-cavity dual-comb source, which implemented a 1.47 m-long air path to detect atmospheric H 2 O. However, in their work the lasing wavelength was at 1870 nm. It is attractive if the lasing wavelength is shifted to the longer region of 1950-2100 nm [14] as it may finally be converted to the 3-5 μm fingerprint midinfrared region by using a sub-harmonic optical parametric oscillator [15] . With the development of mid-infrared optical comb, DCS will be increasingly accessible for more important fields such as air pollution monitoring and respiratory gas detection. Thus, researches on single cavity dual-comb mode-locking at 2 μm have meaningful significances.
To date, there are three major approaches to realize dual-comb lasing in a single fiber laser, which are the wavelength multiplexing [16] , [17] , the polarization multiplexing [18] - [21] and the bidirectional mode-locking [3] , [6] , [22] . The combination of soliton mode-locking with a saturable absorber (SA) [23] implies a simple and robust cavity construction, which considered to be feasible in operation. Along with deep researches and characterization on novel materials [24] , [25] , the nonlinear absorption characteristic of materials has been intensively studied [26] , [27] . By inserting a saturated absorber, the fiber laser cavity could remain very stable and easily realize self-starting. In this work, a single-wall carbon nanotube (SWNT) film is selected as the SA for a bidirectional mode-locked thulium-doped fiber laser. Benefiting from the robust properties of SWNT film, long-term operations of soliton mode-locked pulses at 1960 nm are demonstrated. In experiments, the repetition rate difference between the clockwise (CW) and counterclockwise (CCW) pulse trains was adjustable by changing the pump power or controlling the intracavity polarization. The experimental setup is presented in detail in Section 2. Experimental results and discussions are shown in Section 3. In the end, the main conclusions of this work are summarized in Section 4.
Experimental Setup
The configuration of this bidirectional mode-locked ultrafast fiber laser is illustrated in Fig. 1 schematically. The laser cavity consists of a 20 cm-long piece of thulium fiber (TDF, with a core diameter of 5 μm, a core NA of 0.24, a core absorption of 330 dB/m at 1570 nm) as gain medium, a 1570 nm fiber laser (maximum output power 2 W) as the pump light, a 2×2 optical coupler (OC, splitting ratio of 10:90 at 1960 nm) as the laser pulse output ports, a single-wall CNT film selected as SA, inserted between two fiber connectors and directly fusion spliced into the laser cavity. The preparation method of CNT-SA film is similar to a previous work in 2013 [28] . The pump light is coupled to the TDF via a 1570/1960 nm wavelength division multiplexer (WDM). The 10% splitting ports of the OC are used for the extraction of laser pulse in both CW and CCW directions. Two isolators (ISOs) are spliced with these outputs to eliminate any possible optical feedback and enhance the operation stability. Meanwhile, a polarization controller (PC) is used to control the intracavity polarization evolution in order to lock the pulses for long-term operation. The gain TDF has a dispersion of −67 ps 2 /km at 1960 nm, while the other fibers are the same passive single-mode fiber with a dispersion of −80 ps 2 /km at 1960 nm. Therefore, total dispersion is calculated to be anomalous and the mode-locking scheme belongs to ordinary soliton mode-locking.
In the experiment, the output power is measured with a power meter. The optical spectra of the mode-locked laser pulses are recorded by a grating based optical spectrum analyzer (spectral resolution of 0.05 nm). The output pulse trains are also measured with two 2 μm InGaAs detectors monitored on a 1 GHz oscilloscope. Other measuring equipment includes a RF spectrum analyzer. To characterize the combined spectrum and RF spectrum of the CW and CCW laser pulses, a 50:50 OC is used to combine them.
Experimental Results and Discussion
In the work, the cavity length was ∼5.7 m at first, and the total dispersion was calculated at −0.45 ps 2 . By increasing the pump power from 0 to 400 mW, amplified spontaneous emission light and self-lasing at both directions with output spectrum peaked at 1960 nm were observed first. By increasing the pump power to 450 mW, self-starting mode-locking operation in the CCW direction was obtained even without adjusting the PC. But the output in the CW direction was continuous. On the one hand, this phenomenon was attributed to the intracavity gain competition between the two directions. On the other hand, because the SA was commonly shared by two directions, it induced crosstalk into the cavity that leading to obvious pulse competition, contributing such apparently different performance of two directions. When increasing the pump power to 550 mW, along with carefully adjusting the PC, the aforementioned competition was weakened. At this time, ultrafast laser pulses were monitored from both directions shown in Fig. 2 . The separation between adjacent pulses was around 28.6 ns, corresponding to the cavity length of 5.7 m. When the resolution was 10 Hz, the combined RF spectrum was measured as shown in Fig. 2(d) . The SNR (signal noise ratio) of the signals was ∼50 dB at the repetition frequencies of 35.148 and 35.149 MHz for the CW and CCW directions, respectively. The output power of CW and CCW arm was 650 and 611 μW. Fig. 3 shows the measured spectral characteristics of the bidirectional mode-locking operation with the repetition frequency of 35 MHz. Obviously, the output smooth spectra suggest the ultrafast soliton mode-locking operations, accompanied by numerous Kelly sidebands. However, due to the large anomalous dispersion, a fierce competition between the soliton pulse and the quasicontinuous Kelly sidebands occur. Therefore, we find that the bidirectional mode-locking operation could not sustain for long time. As a result, the output in the CW direction often decayed into continuous wave lasing.
To solve the aforementioned problem, we adopted the dispersion management to decrease the cavity dispersion and improve the output spectral purities. Typically, there are two commonly adopted methods to compensate the dispersion in an ultrafast fiber laser cavity, either by adding a piece of dispersion compensation fiber (DCF) or shortening the effective cavity length. In this work, due to the lack of DCF at 2 μm, thus we ameliorated the dispersion by cutting these passive fibers. With the shortening of the cavity length, the intracavity total dispersion usually decreased, allowing for the narrower soliton pulse duration and the much broader Kelly sidebands spacing.
Followed by the previous step, we reduced the cavity length to 2.9 m. At this time, the repetition frequency was scaled up to ∼68 MHz, and similar bi-directional mode-locking operations were observed. When the cavity length was further shortened to ∼1.7 m and the pump power was set to 725 mW with an appropriate PC state, the bi-directional mode-locking operations could still be observed. The corresponding pulse repetition frequency increased up to ∼122 MHz. The pulse trains from both directions were measured with the results shown in Fig. 4 . By analyzing the RF spectrum (see Fig. 4(d) ), bidirectional mode-locking pulses with ∼60 dB SNR were measured with 10 Hz RBW, indicating a more stable mode-locking operation compared with that at long cavity length. The fundamental repetition rates of CW and CCW directions were 122.172 and 122.174 MHz, respectively. The measured repetition rate difference ( f rep ) from both directions was ∼2 kHz. As illustrated in Fig. 4(b) and (c), the separation between adjacent pulses was around 8.2 ns, corresponding to the cavity length of 1.7 m. The output power from CW and CCW directions was 1.547 and 1.001 mW respectively.
When the cavity length was shortened to 1.7 m, the calculated intracavity dispersion decreased to −0.13 ps 2 , which was reduced comparing with that at 5.7 m. The shortening of passive fiber length contributed to the decrease of intracavity anomalous dispersion. Thus, fewer Kelly sidebands were displayed and the spectra became smooth in both directions as shown in Fig. 5 . The minimum difference of the central wavelengths between CW and CCW pulses was ∼2.7 nm. Their central wavelengths were 1958.2 and 1955.5 nm, respectively. The 3-dB bandwidths of the optical spectra were 7.53 and 4.87 nm. Our experimental observations showed that the central wavelengths of the counterpropagating pulses of bidirectional operation were different in most cases. Nevertheless, via continuously increasing the pump power to 855 mW, the central wavelengths of the counterpropagating pulses could be identical. In this case, the bidirectional mode-locked laser operated in the single-wavelength direction-multiplexed mode-locking regime (see Fig. 5(d) ), so that the spectra of the two frequency combs could overlap without extra-cavity nonlinear spectral broadening. The theoretical repetition rate difference ( f rep ) from both directions was calculated as 2.69 kHz according to the formula 3 in Ref. [6] , the relationship between f rep and two directions wavelength difference ( λ) can be expressed as
Here D refers to dispersion of the SMF and TDF, given as 40 and 35 ps/(nm·km) in our experiment. The observed round-trip time t was ∼8.2 ns. The total cavity length L and λ are 1.7 m and 2.7 nm, respectively.
The time-bandwidth product of a pulse refers to the product of its time domain pulse width ( t ) and spectral width ( ν). The minimum time-bandwidth product of a hyperbolic secant pulse is approximately 0.315 shown in formula (2) .
Thus, for a given spectral width, the time domain pulse width has a minimum limit. This limitation is determined by the nature of the Fourier transform. In ultrafast laser physics, pulse width and spectral width are usually referred to full width at half maximum (FWHM). In the experiment, the measured FWHM ( λ) of CW and CCW directions is 4.87 and 7.53 nm, respectively. As is known,
Therefore, according to formula (2) and (3), the corresponding pulse width in time domain ( t ) is 824 and 530 fs, respectively. Fig. 6 (a) depicted the variation of repetition frequency with pump power from 725 to 850 mW. With larger pump power, both the repetition frequency and f rep declined. Limited by the range of pump regulation, the minimum f rep that processed in the experiment was 540 Hz along with tuning the PC. In addition, the stability of our bi-directional mode-locked laser was also examined, as illustrated in Fig. 6(b) . The sampling interval was set to one sampling point per second. Experimental observations confirmed that the proposed TDF laser could operate at a stable bi-directional mode-locking state for more than 9 h.
Conclusions
In summary, we have proposed and experimentally implemented a bidirectional mode-locked fiber laser based on SWNT. By properly changing the cavity length and altering pump power, we successfully achieved an adjustable repetition frequency range from 35 MHz to 122 MHz. Besides, the optical spectra and RF spectra of different repetition rates were also performed. It is worth noting that the CW and CCW pulses have different repetition rates with the smallest separation of ∼540 Hz at 122 MHz. The central wavelengths of the counterpropagating pulses could be the same via appropriately tuning the PC and pump power. Furthermore, the bidirectional mode-locking operation was examined with a 9-hour stability. We believe that this light source might be supported with 2 μm and mid-infrared dual optical combs in the future.
